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[57] ABSTRACT 

A catalyst and a process for oxidative coupling of ali- 
phatic and alicyclic hydrocarbon compounds with ali- 
phatic and alicyclic substituted aromatic hydrocarbon 
compounds to form a longer substituent hydrocarbon 
on the aromatic ring. The catalyst is mixed basic metal 
oxide catalyst, one preferred catalyst is boron/alkali 
metal promoted metal oxide. Reaction of methane with 
toluene and oxygen according to this invention results 
in conversion to styrene. 

35 Claims, No Drawings 
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Borates and boron compounds have been used in 

OXIDATIVE COUPLING OF ALIPHATIC AND partial oxidation of hydrocarbons, such as boric acid to 

ALICYCLIC HYDROCARBONS WITH ALIPHATIC oxidize lon S chain normal paraffins in the liquid phase 

AND ALICYCUC SUBSTITUTED AROMATIC (luingworth, G. F. and G. W. Lester, ACS Petroleum 

HYDROCARBONS 5 Division Preprints, 12, No. 3, 161 (1967)) and oxidation 

of n-dodecane in the liquid phase to the corresponding 

has been used by coating reactor walls in the combus- 

This application is a continuation-in-part of copend- 10 tion of methane to eliminate free radical destruction at 

ing U.S. Patent Application Ser. No. 172,808, filed Mar. temperatures of.less than 513* C. (Kegeyan, E. M., I. S. 

28, 1988, now U.S. Pat No. 4,826,796. Vardanyan and A. B. Nalbandyan, Kinetics and Cataly- 

- • sis 17, No. 4,749-754 and No. 4,755-759 (1976)) 

BACKGROUND OF THE INVENTION A review of styrene synthesis processes is given in 

1. Field of the Invention 15 Kirk-Othmer, Encyclopedia of Chemical Technology, 
This invention relates to a process using mixed basic ™f d Edition, Vol 21, Styrene, pgs. 770-801. 

metal oxide catalysts for production of higher hydro- Va P° r P 1 ^ alkylatiOB of aromatic hydrocarbons in 
carbons by oxidative coupling of aliphatic and alicyclic P resen « ° f ^T^x^T^?* f^ZS? 
hydrocarbon compounds with aliphatic and alicyclic „ lyst « taught by U S. Pat Nos. 4,107,224 and 3,751,506 
substituted aromatic hydrocarbon compounds to form a 20 nnmbe f of Publications describe oxidative methyl- 
longer substituent hydrocarbon on the aromatic ring. at,on ^^JJ^Sl*. m Rusaa: Chemical Ab * 
Reaction of methane with toluene and oxygen in the ^ 97:127153K (1982) teaches non-catalytic methyl- 
presence of a mixed basic metal oxide catalyst accord- !?on of toluene depended mosUy on pressure and 
ing to this invention results in high conversion to form „ ™*^EU ra * 0; . Chem ^ . Abstracts 
styrene 25 99:70137t (1983) teaches oxidative methylation of tolu- 

2. Description of the Prior Art ene min B a Ni " V oxiae or V oxide <***y*H Chemical 
Methane is currently available in large quantities Abstracts 101:747341 (1984) teaches oxidative methyl- 

from natural gas, anaerobic digestion of organic mate- - ation . of toluene m presence of 0 (max. 15 percent in 
rial, and chemical processing sources. However, use of , n """^ nuxture ) results m Products mcludmg styrene; 
methane as a chemical feedstock has been limited due to 30 Comical Abstracte 101:38205 n (198^ teaches simulta- 
its high stability. It has been highly desirable to develop ncous production of styrene, ethylbenzene, benzene, 
a catalyst for such reactions to enable operation under "»» P henob ^J^ 0 ' 10 " °* to1 ^* Wth ik 4 ^ an ^ m 
milder conditions with greater control over thermody- P resencc of 0 " d F f?°3 or Tl °* at «°° - 800 • Pro : 
namic and kinetic processes as well as provide product 3J ductivity mcreased at higher pressure in prince of 
selectivity and high reaction rate. M 2 * ^ (M^QW* «* Pat " ^J' 9 ^} 53 
Oxidative coupling of methane to form higher hydro- rea f on °f toluene with a lowcrpanffin hydro- 
carbons has been shown to be effected over a number of carbon Ae P r f ™= °L^^ Ca at . 600 - 900 C ^ 
metal oxides, but yields of desired products have been space velocity of 2000-10000 hour-'- 
low, as discussed by Keller, G. E. and M. M. Bhasin, J. 40 SUMMARY OF THE INVENTION 
of Catalysis 73, 9-19 (1982). Sodium and lead on alu- _ , . . .. . , ^ . .. 
mina has been found to catalyze the formation of ethane „ ™* invention provides a catalytic process for oxida- 
and ethylene from methane, as disclosed in Hinsen, W. «"«Pta« * ?P*»Uc and alicyclic hydrocarbon 
and M. Baerns, Chem.-Ztg., 107, 223-226 (1983) and compounds with aliphatic and aucychc substituted aro- 
Hinsen, W., W. Bytyn and M. Baerns. Proc. 8th Int. 4$ «^c hydrocarbon compounds to produce a longer 
Congr. Catal.. BerUn* III 581-592 (1984). Several U.S. ^ tita ^ M«w»bon « .«?»«" ™»«*- 
patens teach a series of supported metal oxides which , ,v8t _ "»? m the P™ 6 .?* f. '"vention B fully de- 
while effective for the conversion of methane to ethane 5^^^5 e ? tog .* f A P phcat, ° n ' S ' r - 
j , • j • 1 . , j No. 172,808. Oxidative coupling of methane using the 
and ethylene, are based on reducible metal oxides and , t . , -if j ? tt c » * m * a r 

v u *i same catalyst is fully described in U.S. Patent Apphca- 

used in a stoichiometnc fashion by alternately exposing 50 « ^ c , . h/owioqq « A £ u.. 

- ^ .... . , j * ^ ^if • tion Ser. No. 07/274,415, riled 1 1/21/1988, and deny- 

hem to an oxidizing atmosphere and then to methaneu, of saturated hydrocarbon chains using the 

^IST^S^W^S JJSfiS same catalyst is fully described in U.S. Patent Applica- 

I'^'oil' I'Two' w TAMvri »7a Tlw ™. *«S U011 Ser - No - 07/274,499. filed 11/21/88. The reaction 

4 523 049 4 ' 4 "' 322; 4,499>323; ™ d ♦■ 4 ". 324 : of an aliphatic or alicyclic hydrocarbon compound with 

4,5, 9. . , , t . 55 an aliphatic or alicyclic substituted aromatic hydrocar- 

Later work has demonstrated that ma^esium oxide bQQ ^ ^ ^ ox h ^ncted in the presence 

and calcium oxide, when promoted with alkah metal Qfa mi ^ baric me tal oxide catalyst at elevated temper- 

salts, are active for oxidative coupling of methane to atoe ^ t0 the folIowing g€neni l reaction: 
ethane and ethylene in the presence of oxygen. See 

Kimble, James B. and John H. Kolts, "Oxidative Cou- 60 rh+R'CH3+02-*r-ch2-R'+H20 
pling of Methane to Higher Hydrocarbons", Energy 

Progress, VoL 6, p. 227 (1986); Driscoll, D. J., W. M. wherein R is an aliphatic or alicyclic hydrocarbon radi- 

Martir, J. Wang and J. H. Lunsford, J. Am. Chem. Soc. ca i ; ^ 

107, 58-63 (1985); and Ito, T., J. Wang, C. Lin and J. H. R' is an aliphatic or alicyclic hydrocarbon radical 

Lunsford, J. Am. Chem. Soc. 107, 5062-64 (1985). 65 substituted on an aromatic hydrocarbon ring. 

These later catalysts have the advantage of operating The mixed basic metal oxide catalyst used in the process 

continuously, not requiring regeneration or pretreat* 0 f this invention has the formula: 
raent 
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xA.yB.rCqO substituent on the aromatic ring, such as toluene, xy- 

, lene, indan, tetralin, and mixtures thereof. 

W A erem M . t , . . . t . The reactions are fed to the reaction zone in mole 

A is an alkali metal selected from lithium, sodium , ^am of about 50 to about 90 mole per- 

n ^r' ra ^T" S ^ m a ^ mU . tUrCS , there0f: 5 ^Phatic or alicyclic hydrocarbon compounds. 

ft^^SSJZ^ST^ ^ prefenb^aboutTStoatoutSSmolepercentjaboutato 

than the ionization state of C; . ^ * . ^ - * - r . ' , 

B is selected from scandium, yttrium, lanthanum, j*° ut <° f ""J? *~ \?°™ Uc W™xx- 

actinium, aluminum, boron and mixtures thereof b P n ' preferably about 5 to about 15 mole percent; and 

from Group IIIA and IIIB of the Periodic Table, in a *° ut ] t0 a**"*? 0 m ° l * Percentoxygen, preferably 

preferably boron, aluminum, yttrium, and lantha- about 5 to about 12 moie percent Steam may be added 

num when C is selected from beryllium, magne- b m amount of U P t0 about 1 mole of steam per mole 

sium, calcium, strontium, barium, radium, zinc, hydrocarbon to inhibit deep oxidation. Steam does not 

cadmium, mercury and mixtures thereof from enter mto the reaction but solely acts as an oxidation 

Group riA and IIB of the Periodic Table, prefera- . inhibitor. 

bly magnesium, calcium, barium and zinc, and An important aliphatic feedstock suitable for use in 

B is selected from titanium, zirconium, hafnium, sili- the process of this invention may comprise any methane 

con and mixtures thereof from Group IV A and containing gas which does not contain interfering com- 

IVB of the periodic Table when C is selected from pounds. Preferably, the methane containing gas used in 

scandium, yttrium, lanthanum, actinium, alumi- the process of this invention comprises about 25 mole 

num, boron and mixtures thereof from Group IIIA percent up to about 100 mole percent methane. Suitable 

and IIIB of the Periodic Table, preferably boron, sources of methane containing gas include natural gas, 

aluminum, yttrium and lanthanum; synthetic natural gas (SNG), product gas from gasifica- 

x and y are in the mole fractions of z such that when tion of carbonaceous materials, such as gasification of 

z=t then x= 0.001 to 0.25, preferably 0.05 to 0.15 coal, peat, shale, and the like, as well as products of 

and y— 0.001 to 0.25, preferably 0.002 to 0.20; and anaerobic digestion of various biomass materials. These 

q is a number necessary to maintain charge balance gases principally comprise methane and may contain 

with 0 being oxygen. other hydrocarbon gases such as ethane and propane 

In a preferred embodiment, a boron/alkali metal pro- which may produce corresponding chemical reactions 

moted metal oxide catalyst having boron in amounts of t o those of methane in the process of this invention, 
about 0.2 to about 20 mole percent (about 0.05 to about JU Purification of such mixed gases comprising principally 

5.0 weight percent), alkali metal promoter selected from me thane is not usually necessary. These sources of 

the group consisting of lithium, sodium and potassium met hane containing gas and processes for producing 

in amounts of about 0.1 to about 25 mole percent (about met hane are well known in the art. 

0.1 to about 40 weight percent), metal oxide selected i mp0 rtant substituted aromatic feedstocks include 
from the group ►consisting of magnesium oxide; calcium 35 tomcnc ^ lcne available from commercial 

oxide zinc oxide, and banum ox.de are suitable for the ^ containing gas not containing interfering 

catalytic oxidative coupling process according to this chemical compounds are ^ M a feedstock in this 

invention. re- 



invention. The term "oxygen containing gas" as used 

DESCRIPTION OF PREFERRED 40 throughout this disclosure and claims, refers to gas 

EMBODIMENTS containing oxygen, such as air and gases having an 

The process of this invention provides a longer hy- °W content °f U P t0 100 *«? nt * '* * r £ m ? t0 

drocarbon substituent on an aromatic ring by gal phase oxy * en C0Dta ^ g ga5 C0 , m P? smg over 5( \ v ? lume 

oxidative coupling of saturated carbon atoms of an ** mnt °^ en : The "mounts of oxygen used m the 

aliphatic or alicyclic hydrocarbon compound with an 45 Process of this invention is expressed as pure oxygen, 

aliphatic or alicyclic substituted aromatic hydrocarbon oxy * en «**™« ™V be preheated by ther- 

and oxygen in the presence of a mixed basic metal oxide mal wth the "^J" bed t0 ^temperature 

catalyst, such as a boron/alkali metal promoted metal su "* bIe for t the fea f . 0n f ntroi in ? ste P of the P«**f s ' 

oxide catalyst The catalyst used in the catalytic process for oxida- 

Suitable aliphatic and alicyclic hydrocarbon com- 50 tive coupling according to this invention is a mixed 

pounds for use as feedstocks in the process of this inven- 1)3510 metal owde . catalyst having the formula 

tion include straight and branched chain saturated and xA.yB.zCqO wherein A, B, C, x, y, z and q have the 

unsaturated aliphatic hydrocarbons, such as methane, meanings set forth above with 0 being oxygen. The 

ethane, propane, butane, heptane, pentane, hexane, oc- catalysts used in the process of this invention have only 

tane, isobutane, isohexane, isooctane, l-pentene, 1-hex- 55 one oxidation state besides the metal, that is Ti, Zr, Hf 

ene and mixtures thereof; cyclic chain saturated and and si are om y 311(1 B, Al, Y and La are only +3, 

unsaturated alicyclic hydrocarbons, such as cyclobu- wnile Mg, Ca, Sr and Ba are only +2 and Li, K, Na, Rb 

tane, cycloheptane, cycloheptene, cyclohexane, cycle- ^ s 3X6 on ty + 1- In a particularly preferred embodi- 

hexene and mixtures thereof; and aryl substituted ali- ment, the catalyst of this invention is a boron/alkali 

phatic and alicyclic hydrocarbons, such as toluene, 60 metal promoted metal oxide catalyst having boron in 

xylene, mesitylene, durene, cumcne and mixtures amounts of about 0.2 to about 20 mole percent (about 

thereof. In the case of unsaturated hydrocarbons, it 0.05 to about 5 weight percent) and preferably about 0.4 

should be noted that the oxidative coupling of this in- to about 2 mole percent (about 0.1 to about 0.5 weight 

vention does not occur at the unsaturated bonding. percent); alkali metal promoter selected from the group 

Suitable aliphatic and alicyclic substituted aromatic 65 consisting of lithium, sodium and potassium in amounts 

hydrocarbon compounds for use as feedstocks in this of about 0. 1 to about 25 mole percent (about 0. 1 to about 

invention are aromatic ring hydrocarbons having at 40 weight percent) and preferably about 0.5 to about 8 

least one aliphatic or alicyclic hydrocarbon radical mole percent (about 0.5 to about 2.0 weight percent) 
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and the remainder metal oxide selected from the group One important oxidative coupling reaction according 

consisting of magnesium oxide, calcium oxide, zinc to the process of this invention is the production of 

oxide, and barium oxide. A preferred catalyst is boron/- styrene directly by coupling of toluene and methane by 

lithium promoted magnesium oxide having about 0.20 the following reaction in the presence of the above 

to about 0.30 weight percent boron and about 0.8 to 5 defined catalyst: 
about 1.2 weight percent lithium. 

The catalyst for use in this invention may be prepared C6H$CH}+CH4+O2-H t C6H 5 C2H3+2H20 
by mixing water soluble ions and/or compounds of 

elements set forth as alkali metal (A) and cation (B) to At 750° C. the heat of reaction (AH) is —73 kcal/mole 
obtain complete solution of the solids. A wide variety of 10 and the sensible heat plus the heat of vaporization of 
non-interfering ions may be used to form suitable water toluene is about 55 kcal/mole. Thus the process oper- 
soluble compounds as long as they do not cause unde- ates closc to autothermal conditions after initial light- 
sired chemical interference. Suitable such compounds off Conventional processes using F&iOz as a catalyst 
include acids, oxides, hydrides, and nitrates, carbonates, witn C r 2 03 as a stabilizer and K 2 C0 3 as a coke retardant 
hyoVoxides, respectively. The aqueous solution of (A) 15 for productioiI of styrene require ethylbenzene feed- 
and (B) are added to metal oxide (Q powder and well stock+ produced from expensive benzene and ethylene 
mixed followed by drying at a sufficient temperature ^ requirelarge of ^heated steam (800'C. 
and fora sufficient tone to expel volatile components. ^ mQhi ^ M ^ { eth 15enzene) due to ^ 
The mixture is then crushed and sieved to a small size r , . 4 ' / . , 
for catalytic use. Conventional and weH known catalyst 20 conversion of ethylbenzene to styrene being endo- 
manufacturing techniques may be employed to produce . fhernuo. The process of this invention uses relatively 
the catalyst material noted above. When preparing ^expensive toluene, methane and air as feedstock to a 
these catalytic materials, it is preferred to employ manu- ««lo reactor where both styrene and ethylbenzene are 
factoring techniques resulting in a product having a Produced in a process that does not require superheated 
substantially uniform or homogeneous composition. 25 steam * 

Shaping of the material may be effected according to ^ specific examples are intended to be illustrative 

conventional techniques of the art, particularly tablet- onIv are not intended to limit the invention in any 

ing, or pelleting or extrusion. The catalyst may be used wav - 

unsupported or alternatively it may be supported on an EXAMPLE I 

inert support as known to the art, such as alumina, silica, 30 

activated carbon and the like. A mixture of 3.07 grams Fisher Certified lithium 
A preferred catalyst may be prepared by mixing a nitrate and 0.43 gram Aesar 99.99 percent pure boric 
water soluble compound of boron, such as boric acid, acid was added to a beaker. Deionized water, 50ml, was 
boron oxides, borohydrides, and a water soluble salt of added to the beaker and stirred to obtain complete solu- 
the alkali metal promoter, such as nitrate, carbonate, 35 tion of the solids in the water. The aqueous solution of 
hydroxide or water soluble ion to obtain complete solu- lithium nitrate and boric acid was slowly added to 30.0 
tion of the solids. The aqueous solution of boron and grams alpha magnesium oxide powder and stirred to 
alkali metal is added to the metal oxide powder with obtain a homogeneous preparation which was then 
stirring to obtain a homogeneous mixture which may dried overnight at 118° C. The composition of the mix- 
then be dried at a temperature in excess of about 1 10" C. 40 ture was \<q weight percent elemental lithium and 0.24 
The dried mixture may then be calcined at a tempera- weight percent elemental boron. The mixture was then 
ture of 700° to 750' C. for a sufficient time to expel calcined for 15 minutes at 700* C. and crushed and 
volatile portions. The mixture is then crushed and sieved to -12 +20 mesh. Chemical analysis after calcin- 
sieved to an appropriately small mesh size of about -6 - mg s h 0W ed 0.97 weight percent elemental lithium and 
to about +40, preferably about - 12 to about +20 for 45 0 17 weight elementa i boron . Surface area of 
useas a catalyst. the product was 2.0 metersVgram. The product was 
The catalyst may ^ placed into a reactor, such as a thenuscdasa m accordance with Example X 
tube^hell fixed bed, fluid^ed bed moving bed. or inter- followin which ^ is showed a94 wd ht ^ rccnt 
bed heat exchange type, Fischer-Tropsch type, or otiier ]m o.20 weight percent boron, and surface area of 
reactor type known to the art The oxidative coupling 50 j ^ meters2/«ram7 
process according to this invention is carried out by * 8 
passing the gaseous aliphatic or alicyclic hydrocarbon EXAMPLE II 
and aromatic feedstocks and oxygen over the mixed _ ... * c _ i T i_*.—/r 
basic metal oxide catalyst as defined above at about 300' J* a manner sinular to Example I an aluminum/li- 
to about 1100- C, preferably about 600' to about 900- 55 tmum Promoted niagnesium t oxidejcatalyst was formed 
C. Suitable gas residence times are about 0.002 to about ^f**? 8 108 ^ ?* *^&^}^*^ 
0.00002 hour preferably about 0.0005 to about 0.0001 ™* 2 63 grams of Fisher Certified alurmnum mtrate.to 
hour with space velocity of about 500 to about 50,000 * f eiomzed water, 50 ml, was added to the 
vol/vol/hr, preferably about 1000 to about 5000 vol/- and stirred to obtain complete solution of the 
vol/hr. The reaction may be carried out at about pres- 60 solids « the water. The aqueous solution of htlnum 
sures of about 1 to about 1515 psia, preferably about 1 to nitrate and aluminum nitrate was slowly added to 30.0 
about 150 psia, pressures above atmospheric may en- grams of alpha magnesium oxide powder and stirred to 
nance the rate of reaction. Suitable reactor vessels for obtain a homogeneous preparation which was then 
use at the above operating temperatures and pressures dried overnight at 118* C. The composition of the mix- 
are well known to the art The products of* the single 65 ture was 1.0 weight percent elemental lithium and 0.6 
reactor used in the process of this invention may be weight percent elemental aluminum. The mixture was 
passed to a simple separator for separation of the hydro- then calcined for 15 minutes at 700* C. and crushed and 
carbon product, condensate, and vent gas. sieved to — 12+20 mesh. 
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EXAMPLE III 

in a manner similar to Example I a boron/lan- 
thanum/lithium promoted magnesium oxide catalyst 
was formed by adding 3.07 grams of Fisher Certified 5 
lithium nitrate, 3.03 grams of Alpha lanthanum nitrate 
hexahydrate and 0.57 gram of boric acid (Aesar 99.99 
percent pure) to a beaker. Deionized water, 50 ml, was 
added to the beaker and stirred to obtain complete solu- 
tion of the solids in the water. The aqueous solution of 10 
lithium nitrate, lanthanum nitrate and boric acid was 
slowly added to 30.0 grams of Alpha (—325 mesh) 
magnesium oxide powder and stirred to obtain a homo- 
geneous preparation which was then dried overnight at 
1 15* C. The composition of the mixture was 1.0 weight 15 
percent elemental lithium, 3.2 weight percent elemental 
lantanum and 0.35 weight percent elemental boron. The . 
mixture was then calcined for 1 5 minutes at 700* C. and 
crushed and sieved to — 12+20 mesh. 

20 

EXAMPLE IV 

Gaseous feedstock was fed to a tubular reactor con- 
taining a packed bed of 0.06Li:0.009La:0.012B:1.0MgO. 
catalyst prepared as set forth in Example III. The feed- 
stock comprised methane/air/toluene in proportions of 23 
60/40/5 mole fraction. A single pass was made at 3000 
SCF/h-ft 3 , atmospheric pressure, and 665° C resulting 
in a product isolated in an ice trap and analyzed as 
follows: 



Weight percent 



Toluene 


78.3 


Benzene 


1.4 


Ethyl benzene 


8.5 


Siyrene 


4.4 


Xylenes 


0.9 


Propyl benzene 


1.0 


Diphenyl ethane 


1.7 


Other aromatics 


3.8 
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While in the foregoing specification this invention has 
been described in relation to certain preferred embodi- 
ments thereof, and many details have been set forth for 
purpose of illustration, it will be apparent to those 
skilled in the art that the invention is susceptible to 45 
additional embodiments and that certain of the details 
described herein can be varied- considerably without 
departing from the basic principles of the invention. 

We claim: 

1. A process for producing higher molecular weight 50 
hydrocarbons by forming longer substituent hydrocar- 
bon on an aromatic ring, said process comprising: 
oxidative coupling a compound selected from ali- 
phatic hydrocarbon compounds, alicyclic hydro- 
carbon compounds, and mixtures thereof with a 55 
compound selected from aliphatic substituted aro- 
matic hydrocarbon compounds, alicyclic substi- 
tuted aromatic hydrocarbon compounds, and mix- 
tures thereof to form a longer substituent hydrocar- 
bon on an aromatic ring in the presence of oxygen 60 
and a mixed basic metal oxide catalyst having the 
formula: 

xA.yB.iC. qO 

65 

wherein 

A is an alkali metal selected from lithium, sodium, 
potassium, rubidium, cesium and mixtures thereof; 
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B is action which has an ionization state 1 greater 
than the ionization state of C; 

B is selected from the group consisting of scandium, 
yttrium, lanthanum, actinium* aluminum, boron 
and mixtures when C is selected from the group 
consisting of beryllium, magnesium, calcium, 
strontium, barium, radium, zinc, cadmium, mer- 
cury and mixtures thereof, and 

B is selected from the group consisting of titanium, 
zirconium, hafnium, silicon and mixtures thereof, 
when C is selected from the group consisting of 
scandium, yttrium, lanthanum, actinium, alumi- 
num, boron and mixtures thereof; 

x and y are in mole fractions of z such that when z= 1 
then x=0.001 to 0.25, and y =0.001 to 0.25; and q is 
a number necessary to maintain charge balance 
with O being oxygen. 

2. A process according to claim 1 wherein said ali- 
phatic and alicyclic hydrocarbon compounds are se- 
lected from straight and branched chain saturated and 
unsaturated aliphatic hydrocarbons, cyclic chain satu- 
rated and unsaturated alicyclic hydrocarbons, and aryl 
substituted aliphatic and alicyclic hydrocarbons. 

3. A process according to claim 2 wherein said ali- 
phatic hydrocarbon compounds are selected from 
methane, ethane, propane, butane, heptane, pentane, 
hexane, octane, isobutane, isohexane, isooctane, 1-pen- 
tene, 1-hexene and mixtures thereof. 

4. A process according to claim 2 wherein said alicyc- 
lic hydrocarbon compounds are selected from cyclobu- 
tane, cyclohcptane, cycloheptene, cyclohexane, cyclo- 
hexene, and mixtures thereof. 

5. A process according to claim 2 wherein said aryl 
substituted aliphatic and alicyclic hydrocarbon com- 
pounds are selected from toluene, oxylene, mesitylene, 
durene, cumene and mixtures thereof. 

6. A process according to claim 2 wherein said ali- 
phatic and alicyclic substituted aromatic hydrocarbon 
compounds are selected from aromatic ring hydrocar- 
bons having at least one aliphatic or alicyclic hydrocar- 
bon radical substituent on the aromatic ring. 

7. A process according to claim 6 wherein said aro- 
matic hydrocarbon compounds are selected from tolu- 
ene, xylene, indan, tetralin and mixtures thereof. 

8. A process according to claim 1 wherein B is se- 
lected from the group consisting of boron, aluminum, 
yttrium, lanthanum and mixtures thereof and C is se- 
lected from the group consisting of magnesium, cal- 
cium, barium, zinc and mixtures thereof. 

9. A process according to claim 8 wherein x =0.05 to 
0.15 andy =0.03 to 0.10. 

10. A process according to claim 1 wherein B is se- 
lected from the group consisting of silicon, titanium, 
zirconium, hafnium and mixtures thereof and C is se- 
lected from the group consisting of boron, aluminum, 
yttrium, lanthanum and mixtures thereof. 

11. A process according to claim 10 wherein x =0.05 
to 0.15 and y =0.002 to 0.20. 

12. A process according to claim 1 wherein said cata- 
lyst is a boron/alkali metal promoted metal oxide, said 
boron present in about 0.2 to about 20 mole percent, 
said alkali metal selected from the group consisting of 
lithium, sodium and potassium and present in about 0.1 
to about 25 mole percent, and the balance said metal 
oxide selected from the group consisting of magnesium 
oxide, calcium oxide, zinc oxide, barium oxide and mix- 
tures thereof. 
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13. A process according to claim 12 wherein said 5 to about 15 mole percent; and said oxygen is fed to 
boron is present in about 0.4 to about 2 mole percent said reaction zone in about 3 to about 12 mole percent 

14. A process according to claim 12 wherein said 27 - A process according to claim 1 wherein said pro- 
alkali metal is present in about 0.5 to about 8 mole per- ^ * carried out at a temperature of about 300' to 

cent 5 1100111 ll0 °" C 

ic a -™~o to «,w«« coin 28. A process according to claim 1 wherein said pro- 

15. A process according to claim 12 wherein said v . , ^ ° . - . . . 

M ,. 1 . . « * j r ai. r cess is earned out at a temperature of about 600 to 

alkali metal is selected from the group consisting of a^ut 90(P C 

tithium, sodium, potassium and mixtures thereof. a A ^ t0 claim 1 wherein said pro- 

16. A process according to claim 12 wherein said {Q ^ earned out at a pressure of about 1 to about 1515 
alkali metal is lithium. . 

17. A process according to claim 12 wherein said 30 A process according to claim 1 wherein said pro- 
metal oxide is selected from the group consisting of ^ carried out at a pressure of about 1 to about 150 
magnesium oxide, calcium oxide, zinc oxide, barium psia. 

oxide and mixtures thereof 15 31. A process according to claim 1 wherein the gas 

18. A process according to claim 12 wherein said residence time is about 0.002 to about 0.00002 nr. 
metal oxide is magnesium oxide, 32. A process according to claim 1 wherein the gas 

19. A process according to claim 12 wherein said residence time is about 0.0005 to about 0.0001 hr. 
process is carried out at a temperature of about 300* to 33. A process according to claim 1 wherein said com- 
"about 1 100* C. 20 pound selected from aliphatic hydrocarbon compounds, 

20. A process according to claim 12 wherein said alicyclic hydrocarbon compounds and mixtures thereof 
process is carried out at a temperature of about 6OO0 to « fed to a reaction zone in about 50 to about 9C ►mole 
Abo 900° C. percent; said compound selected from aliphatic substi- 
aoout yiw « j tuted aromatic hydrocarbon compounds, alicyclic sub- 

21. A process according to claim ,12 wherein jea £ ^ ^ mix . 

process is earned out at a pressure of about 1 to about ^ {$ M tQ &aid zone - m about 2 to 

1515 psia. about 40 mole percent; and said oxygen is fed to said 

22. A process according to claim 12 wherein said reaction 20n e in about 2 to about 20 mole percent, 
process is carried out at a pressure of about 1 to about 34 A process according to claim 1 wherein said com- 
150 psia. 30 pound selected from aliphatic hydrocarbon compounds, 

23. A process according to claim 12 wherein the gas alicyclic hydrocarbon compounds and mixtures thereof 
residence time is about 0.002 to about 0.00002 hr. j 5 f c d to a reaction zone in about 75 to about 85 mole 

24. A process according to claim 12 wherein the gas percent; said compound selected from aliphatic substi- 
residence time is about 0.0005 to about 0.0001 hr. tuted aromatic hydrocarbon compounds, alicyclic sub- 

25. A process according to claim 12 wherein said 35 stituted aromatic hydrocarbon compounds and mix- 
compound selected from aliphatic hydrocarbon com- tures thereof is fed to said reaction zone in about 5 to 
pounds, alicyclic hydrocarbon compounds and mix- about 15 mole percent; and said oxygen is fed to said 
tures thereof is fed to a reaction zone in about 50 to reaction zone in about 5 to about 12 mole percent 
about 90 mole percent; said compound selected from 35 A process according to claim 1 wherein 1 said, pro- 
aliphati^ - 

alicyc he substituted aromatic hydrocarbon compounds J™ ^ b ^ Q m ^ about 
and mixtures thereof is fed to said reaction zone in about g. ^ ^ ^ ound ^ select ed from aliphatic 
2 to about 40 mole percent; and said oxygen is fed to hydroca rbon compounds, alicyclic hydrocarbon corn- 
said reaction zone in about 2 to about 20 mole percent. 4J md mixtures thereof is fed to a reaction zone in 

26. A process according to claim 12 wherein said about 50 t0 90 mole percent; said compound se- 
compound selected from aliphatic hydrocarbon com- lected from aliphatic substituted aromatic hydrocarbon 
pounds, alicyclic hydrocarbon compounds and mix- compounds, alicyclic substituted aromatic hydrocarbon 
tures thereof is fed to a reaction zone in about 75 to compounds and mixtures thereof fed to said reaction 
about 85 mole percent; said compound selected from 50 zone in about 2 to about 40 mole percent; and said oxy- 
aliphatic substituted aromatic hydrocarbon compounds, gen is fed to said reaction zone in about 2 to about 20 
alicyclic substituted aromatic hydrocarbon compounds mole percent 

and mixtures thereof is fed to said reaction zone in about * * * * * 
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